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Bacterial spores in a metabolically dormant state can survive long periods without nutrients under extreme
environmental conditions. The molecular basis of spore dormancy is not well understood, but the distribution
and physical state of water within the spore is thought to play an important role. Two scenarios have been
proposed for the spore’s core region, containing the DNA and most enzymes. In the gel scenario, the core is
a structured macromolecular framework permeated by mobile water. In the glass scenario, the entire core,
including the water, is an amorphous solid and the quenched molecular diffusion accounts for the spore’s
dormancy and thermal stability. Here, we use 2H magnetic relaxation dispersion to selectively monitor water
mobility in the core of Bacillus subtilis spores in the presence and absence of core Mn2+ ions. We also report
and analyze the solid-state 2H NMR spectrum from these spores. Our NMR data clearly support the gel
scenario with highly mobile core water (∼ 25 ps average rotational correlation time). Furthermore, we find
that the large depot of manganese in the core is nearly anhydrous, with merely 1.7 % on average of the
maximum sixfold water coordination.
1. Introduction
The common Gram-positive bacterium Bacillus sub-
tilis can survive a variety of adverse environmental
conditions by transforming into a metabolically dor-
mant endospore.1,2 The molecular basis of spore dor-
mancy is not well understood, but may provide a key
to controlling food spoilage and food-borne disease
caused by bacterial spores of certain species. Specifi-
cally, mechanistic insights may lead to more efficient
methods for inactivating spores.3,4
In the spore, the bacterial genome and most of the
essential enzymes are confined to a core region sur-
rounded by an inner membrane (IM) with low per-
meability to water, ions, and small solutes.2,5,6 The
space outside the IM, known as the cortex, contains a
cross-linked peptidoglycan matrix that is thought to
maintain the lower water activity in the core.7 The
cortex is surrounded by the coat, another protective
barrier composed of multiple layers of cross-linked
proteins.8,9
The amount and physical state of water in the dif-
ferent spore compartments, in particular the core, is
thought to be crucial for spore dormancy and re-
sistance.1,2 The core is less hydrated than the cor-
tex and its water content is inversely related to the
spore’s heat resistance.10,11 It has been proposed that
the entire core exists in an amorphous solid-like or
glassy state.12–14 If so, the suppression of molecu-
lar diffusion could explain spore dormancy and the
spore’s heat resistance could be rationalized in kinetic
terms. Reduced mobility has been demonstrated for
most of the principal constituents of the core, such
as ions,15,16 pyridine-2,6-dicarboxylic acid (dipicol-
inic acid, DPA),14,17 proteins,18 and IM lipids,5 but
the mobility of core water has remained controversial.
Early on, it was observed that virtually all spore
water exchanges with external water within min-
utes,19,20 implying that core water is in a liquid,
rather than a glassy, state. This led to what may
be termed the “gel scenario” of the core as a matrix
of immobilized macromolecules (as well as DPA and
chelated divalent metal ions) permeated by mobile
or, at least, liquid water.19 According to the com-
peting “glass scenario”, initially proposed as a specu-
lation,12 the entire core, including the water, is im-
mobilized. This view appeared to receive experimen-
tal support from differential scanning calorimetry re-
sults,14 but alternative interpretations, not involving
immobilized water, of these results have been sug-
gested.21,22. NMR can potentially probe water mo-
bility more directly, but the early proton NMR stud-
ies23,24 appear to have been confounded by the effects
of paramagnetic Mn(II) ions.
An electron paramagnetic resonance (EPR) spin-
probe study used chemical and mechanical treatment
1
ar
X
iv
:1
30
9.
50
33
v5
  [
q-
bio
.B
M
]  
7 N
ov
 20
13
to remove the outer parts of the spore and a para-
magnetic broadening agent to separate the EPR sig-
nal from spin probes residing inside and outside the
spore.25 In this way, the rotational correlation time
of the spin probe could be inferred and related to the
viscosity of spore water, which was found to exceed
the bulk water viscosity by a factor of ten in the core
and by a factor of five in the cortex.25 However, these
results were obtained by an elaborate difference pro-
cedure, the quantitative validity of which hinges on
several unproven assumptions. Furthermore, if the
spin-probe interacts strongly with any of the spore
components, its rotational motion might not reflect
the mobility of the solvent.
More recently, 2H magnetic relaxation disper-
sion (MRD) measurements on D2O-exchanged spores
were used to directly monitor the rotational mobility
of water molecules in the core and non-core regions.6
Importantly, this study demonstrated that water ex-
change across the IM is slow on the 2H relaxation
time scale (∼ 10 ms), thus allowing core and non-core
water to be characterized individually in the same
experiment. Consistent with the gel scenario, it was
thus established that core water is highly mobile, with
a rotational correlation time of ∼ 50 ps.6 Although
the core water content deduced from the MRD data6
was consistent with independent estimates,10 the ex-
istence of a small fraction of immobilized water could
not be excluded since immobilized water does not
contribute to the NMR signal detected in MRD ex-
periments. Indeed, a subsequent 2H solid-state NMR
study recorded a broad feature in the 2H NMR spec-
trum from partly dehydrated spores.26 This obser-
vation was taken to indicate a substantial amount of
immobilized water in the spore,26 as predicted by the
glass hypothesis.
The principal aim of the present study is to re-
solve the long-standing issue of core water mobil-
ity by extending the 2H MRD measurements and
by performing 2H solid-state NMR experiments on
fully hydrated B. subtilis spores. Specifically, by
measuring the bi-exponential 2H relaxation over a
wider frequency range, we reveal the characteristic
signature of Mn(II)-induced paramagnetic relaxation
also for core water. Using also a spore preparation
with > 99 % of the paramagnetic Mn2+ ions in the
core substituted by diamagnetic Ca2+ ions, we could
quantify the small manganese-water contact in the
core. These data also yielded an improved character-
ization of core water mobility, showing that the rota-
tion of water molecules in the core is merely slowed
down 15-fold, on average, as compared to bulk water.
We also examined spores that had been sporulated at
different temperatures, finding a non-monotonic vari-
ation of the core water content. This finding, which
deviates from the previously established reduction of
core water content with increasing sporulation tem-
perature,11,27 is tentatively taken to imply that ad-
ditional factors influence the core water content. Fi-
nally, we demonstrate that the 2H quadrupolar echo
NMR spectrum from fully hydrated spores can be
rationalized without invoking any immobilized spore
water. Both our MRD and solid-state NMR results
thus support the gel scenario for the core of B. subtilis
spores.
2. Materials and methods
2.1. Spore preparation and analysis
The spore samples were prepared from B. subtilis strain
PS533.28 Three samples were sporulated on standard 2 ×
SG medium agar plates at 23, 37, or 43 ◦C and a fourth
sample was sporulated in an essentially Mn-free liquid 2
× SG medium at 37 ◦C.29,30 Spores were purified as de-
scribed,31 lyophilized, and stored dry. All spores used
were free (> 98 %) from growing or sporulating cells,
germinated spores and cell debris as determined by mi-
croscopy.
To prepare NMR samples, the lyophilized spores were
suspended in 5 mm sodium phosphate buffer in 99.9 %
D2O (pH
∗ 7.6, where pH∗ reports the reading of the pH
meter calibrated with H2O buffers) and rehydrated during
20 h at 6 ◦C. It has been reported that lyophilization and
rehydration of spores do not induce germination.32 The
samples were then centrifuged at 5000 × g for 20 min.
The supernatant was discarded and the spore pellet was
transferred to an 8 mm o.d. × 20 mm height NMR tube
insert (for relaxation measurements) or to a 5 mm o.d.
× 20 mm height NMR tube (for quadrupolar echo) and
sealed with parafilm. The insert was placed in a 10 mm
o.d. NMR tube for relaxation measurements.
Upon completion of the NMR experiments, the water
content of each sample was determined gravimetrically
by drying at 105 ◦C for 16 h. The dried spore mass was
then used for elemental analysis by inductively coupled
plasma sector field mass spectrometry (performed at ALS
Scandinavia AB, Luleå, Sweden) and for complete amino
acid analysis (performed at Amino Acid Analysis Cen-
ter, Department of Biochemistry and Organic Chemistry,
Uppsala University, Sweden).
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2.2. NMR experiments
The longitudinal relaxation of the water 2Hmagnetization
was studied at Larmor frequencies from 2.5 to 92.1 MHz
using four NMR instruments: a Tecmag Discovery spec-
trometer equipped with a Drusch iron-core magnet (2.48 –
13.1 MHz 2H frequency) or with a Bruker 4.7 T cryomag-
net (30.7 MHz) and Varian DirectDrive 500 (76.7 MHz)
and 600 (92.1 MHz) spectrometers. Standard inversion
recovery pulse sequences were used. All relaxation exper-
iments were performed at 27.0± 0.1 ◦C, maintained by a
thermostated air-flow. The temperature was checked with
a thermocouple referenced to an ice-water bath. All re-
laxation experiments were completed within 72 h of sam-
ple preparation and all samples were examined together
at each field. Between measurements, the samples were
stored at 4 ◦C. No sign of spore germination was observed
during the relaxation experiments.
The 2H quadrupolar echo experiment was performed at
27 ◦C on a Bruker Avance II 500 spectrometer equipped
with a wideline probe (Bruker PH HP BB 500 SB). The
quadrupolar echo sequence (90◦ – τ – 90◦ – τ – acquisi-
tion) was used with 90◦ pulse length of 2.55 µs, echo delay
τ of 25 µs, and recycle delay of 120 s. The reported spec-
trum is an average of 2000 transients, accumulated during
67 h immediately following sample preparation. No sign
of spore germination was observed after the NMR exper-
iment.
3. Results and discussion
3.1. 2H relaxation of core and non-core water
Water 2H relaxation measurements in the frequency
range 2.5 – 92.1 MHz were performed on three B. sub-
tilis spore preparations that had been sporulated at
23, 37, or 43 ◦C and on one preparation sporulated in
a Mn-depleted medium at 37 ◦C. Henceforth, we re-
fer to the former three preparations as native spores,
labeling the samples N23, N37, and N43, respectively.
The Mn-depleted spore sample is labeled −Mn.
The water 2H longitudinal magnetization was
found to relax bi-exponentially at all investigated fre-
quencies (Figs. 1 and S1), indicating that the samples
contain two water populations in slow (or intermedi-
ate) exchange on the relaxation time scale.33 The mi-
nor relaxation component (with the smallest weight)
has the fastest relaxation (the largest longitudinal re-
laxation rate R1). As in the previous MRD study,6
we assign the minor and major components to wa-
ter in the core (CR) and non-core (NCR) regions,
respectively. The NCR region comprises all compart-
ments outside the core, including the extracellular
Figure 1. Water 2H inversion recovery at a magnetic
field of 14.1 T (2H frequency 92.1 MHz) from B. sub-
tilis spore sample N37. Single-exponential (solid curve)
and double-exponential (dashed curve) fits are shown.
Note the large and systematic residuals for the single-
exponential fit.
space. This assignment is motivated by the follow-
ing considerations: (i) the inner membrane (IM) is
the principal permeability barrier in the spore2; (ii)
the core is expected to contain less water than the
rest of the sample1,11; (iii) the core water is expected
to be less mobile than non-core water, resulting in a
larger R1 6; and (iv) EDTA treatment, which removes
Mn2+ from the NCR region but not from the core,
strongly reduces R1 of the major component but has
no significant effect on R1 of the minor component.6
The observation of slow water exchange across the
IM implies that the mean residence time of a water
molecule in the core is much longer than 10 ms for
the spore samples examined here.6,33 This result is
not inconsistent with the finding, albeit for Bacillus
cereus spores, that D2O/H2O exchange of the entire
spores occurs within 1 s.34
The bi-exponential form of the inversion recovery
is most clearly seen from the residuals, which are an
order of magnitude larger and show a systematic vari-
ation in time for the single-exponential fit (Fig. 1).
In the slow exchange regime, the relative weight of
the minor component, fCR, can be identified with
the water fraction in the core, which must be the
same at all frequencies.33 While this is approximately
the case, the fCR values obtained from the individual
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Figure 2. 2H MRD profiles for the two water compo-
nents in native spores sporulated at different tempera-
tures and in Mn- depleted spores. The component rates
RCR1 and RNCR1 were obtained from global inversion re-
covery fits, where fCR was constrained to be indepen-
dent of frequency. The resulting fCR values are given in
Table 1. The RNCR1 rate shown here and in Fig. 3 has
been scaled to h = 1.5 g D2O (g dry spore mass)
−1 from
the water contents reported in Table 1, assuming that
RNCR1 − R01 ∝ 1/h, where R01 is the bulk D2O relaxation
rate.
fits vary somewhat with frequency (Fig. S1b). This
variation can be attributed to the well-known diffi-
culty of uniquely determining the parameters of a
bi-exponential decay when the decay rates are not
very different and one of the components has a small
weight (∼ 0.15 here). The ratio, RCR1 /RNCR1 , of
the component relaxation rates is in the range 2 –
8 (Fig. S1a), being smallest at the highest frequen-
cies (as in the example shown in Fig. 1). To improve
the accuracy of the parameters, we performed global
inversion recovery fits including data at all frequen-
cies and with fCR constrained to be independent of
frequency, as expected in the slow exchange regime.
Figure 2 shows the resulting component MRD pro-
files for the four spore samples, while the fCR values
are listed in Table 1.
3.2. Sporulation temperature and core water
content
Upon completion of the R1 experiments, the water
content h in units of g D2O (g dry spore mass)−1
was determined gravimetrically for each sample (Ta-
ble 1). Both h and fCR, determined from inversion
recovery fits, depend on the amount of extracellular
water, but the product h fCR, also given in Table 1,
does not since it represents the amount of core wa-
Table 1. Estimates of spore and core water content.
sample h a fCRb h fCRc hCRd
N23 1.59 0.122± 0.002 0.194± 0.003 0.70
N37 1.79 0.174± 0.008 0.311± 0.014 0.62
N37 1.45 0.131± 0.005 0.189± 0.007 0.60
−Mn 1.39 0.139± 0.002 0.169± 0.003
a Gravimetrically determined sample water content in
units of g total D2O (g dry spore mass)
−1.
b NMR-derived core water fraction in units of g core D2O
(g total D2O)
−1.
c Core water content in units of g core D2O (g dry spore
mass)−1.
d Core water content in decoated spores27 in units of g
core D2O (g dry core mass)
−1.
ter on a spore dry mass basis. In previous work,1,27
the core water content hCR on a core dry mass ba-
sis, in units of g core H2O (g dry core mass)−1, was
determined by density gradient centrifugation after
the coat and cortex were rendered permeable to the
gradient material by chemical treatment. These val-
ues,27 interpolated to our temperatures and scaled
by a factor of 1.111 to convert from H2O to D2O,
are included in Table 1. The hCR values are higher
than the h fCR values, as expected since the core only
accounts for a fraction of the spore’s dry mass. How-
ever, whereas hCR decreases with increasing sporu-
lation temperature, we find that h fCR varies non-
monotonically with sporulation temperature, with a
∼ 50 % higher value at 37 ◦C than at 23 or 43 ◦C.
In principle, these two sets of results could be
reconciled if the (dry core)/(dry spore) mass frac-
tion varies non-monotonically with sporulation tem-
perature, being ∼ 0.50 at 37 ◦C and ∼ 0.30 at
the other two temperatures. Increased sporulation
temperature has been shown to reduce the amount
of coat protein, but has little effect (≤ 10 %) on
the levels of DPA and small acid-soluble proteins in
the core or peptidoglycan in the cortex.27 Another
study indicated comparable mineral content in B.
subtilis spores sporulated at 25, 30, and 37 ◦C.35
While the core/spore dry mass ratio may thus in-
crease somewhat with increasing sporulation temper-
ature, a strong non-monotonic variation seems un-
likely. Moreover, the amino acid analysis of our
samples does not indicate any significant differences
among the samples in either total protein content
(Table S2) or amino acid composition (Table S3), as
might have been expected if the core/spore dry mass
ratio varied by 50 %.
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If the non-monotonic variation of h fCR really re-
flects a non-monotonic variation of the core water
content (as measured by hCR), then RCR1 should also
vary non-monotonically, with the smallest value at
the sporulation temperature (37 ◦C) with the largest
core water content (where the slowing down of wa-
ter rotation should be least pronounced). This is in-
deed observed (Fig. 2). Some caution is required here,
however, since RCR1 is the sum of a quadrupolar con-
tribution, which reflects the average water mobility in
the core, and a paramagnetic relaxation enhancement
(PRE) contribution (see below). Both of these con-
tributions are expected to decrease with increasing
core water content, but the PRE contribution also
depends on the Mn content of the core. According
to the elemental analysis (Table S1), the Mn content
does not differ significantly between samples N23 and
N37, whereas sample N43 seems to have a slightly
lower Mn content, which might explain the difference
in RCR1 between samples N23 and N43 (Fig. 2).
In conclusion, this analysis suggests that the wa-
ter content of the core (relative to the dry mass of
the core) is indeed significantly higher in sample N37
than in samples N23 and N43. However, a non-
monotonic variation of core water content with sporu-
lation temperature is a priori unlikely and contra-
dicts previous results from decoated spores.1,27 At
this stage, we would therefore not rule out the possi-
bility that other factors, besides the sporulation tem-
perature, affected the core water content of our sam-
ples. In this regard, we note that sample N37 deviates
somewhat from the other two samples in the elemen-
tal analysis (notably for Si and Fe, see Table S1),
although the significance of these differences is uncer-
tain. We also note that any correlation with sporula-
tion temperature in our study hinges on the assump-
tion that the core water content at sporulation is re-
produced after rehydration of the freeze-dried spores.
3.3. Hydration of Mn2+ in the core
In the previous MRD study of B. subtilis spores, man-
ganese was partly removed from the spores by EDTA
treatment.6 This treatment only reduced the total
Mn content of the spore by 32 % and it was concluded
that the Mn2+ ions in the core were essentially unaf-
fected.6 In contrast, in the –Mn sample investigated
here, the total Mn content is reduced by a factor of
181±24 (Table S1). More than 99 % of the core Mn2+
is thus removed. In the −Mn sample, we expect that
core Mn2+ is replaced by Ca2+ and this expectation
is supported by the elemental analysis (Table S1).
It has been shown previously that these Mn-depleted
spores have normal core water and DPA contents and
normal heat resistance.30
For the three native spore samples, the water 2H
MRD profiles in Fig. 2 exhibit maxima just below
10 MHz in both the NCR and CR components. These
maxima indicate a Mn(II)-induced PRE contribution
to R1.36,37 In contrast, the MRD profiles from the
−Mn spores do not show such a maximum (Fig. 2),
demonstrating that Mn2+ is the dominant source of
the PRE in the native spores. In the previous MRD
study,6 inversion recovery experiments were only per-
formed down to 12 MHz so the PRE maximum could
only be observed in the effective R1 measured by the
field-cycling technique, which essentially reports on
the dominant NCR component. Based on the RCR1
data above 12 MHz, it was concluded that there is lit-
tle or no direct Mn2+–water contact in the core.6 The
maximum observed in the more extensive RCR1 data
reported here prompt us to revise this conclusion.
To highlight the PRE contribution, we plot in
Fig. 3 the differences RCR1 (N37) − RCR1 (−Mn) and
RNCR1 (N37) − RNCR1 (−Mn). Even though the Mn2+
concentration is much higher in the core than in the
NCR region, the PRE contributions are similar in
the two regions (Fig. 3). The data in Fig. 3 yield
1.04 ± 0.24 for the CR/NCR ratio of PRE contribu-
tions. This observation indicates that most Mn2+
ions in the core are not in direct contact with wa-
ter or else that the coordinating water molecules ex-
change so slowly ( 10 µs) that they do not con-
tribute to the PRE. For a quantitative estimate,
we note that the PRE contribution to R1 is pro-
portional to qMn/NMn, where qMn is the effective
water coordination number of the Mn2+ ions and
NMn is the water/Mn mole ratio. Furthermore,
NMn(NCR)/NMn(CR) = [pCR/(1 − pCR)] × [(1 −
fCR)/fCR] ≈ (0.68/0.32) × (0.85/0.15) ≈ 12. Here,
we have assumed that the Mn fraction in the core is
pCR = 0.68, as determined previously,6 and we have
used the average water fraction fCR for samples N37
and −Mn (Table 1). Given that qMn(NCR) = 1.1 ±
0.2, as determined previously using the conventional
Solomon–Bloembergen–Morgan theory,6 we thus ar-
rive at qMn(CR) = qMn(NCR)×1.04/12 = 0.10±0.03.
In other words, the direct water coordination of Mn2+
ions in the core is only 1.7 % of that for fully hydrated
ions (with qMn = 6). This conclusion is consistent
with the observation that the manganese EPR spec-
trum from Bacillus megaterium spores closely resem-
bles that from an anhydrous 10:1 Ca:Mn DPA chelate
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Figure 3. PRE contribution to 2H relaxation in the core
and NCR regions, isolated by taking the difference of the
respective component rates in Fig. 2 for the N37 and −Mn
samples.
model system16 and with 13C NMR spectra indicat-
ing that the DPA in the core is in a solid-like state.17
3.4. Water mobility in the core
The previous MRD study of B. subtilis spores con-
cluded that the (rotational) mobility of water in the
core is slowed down by a factor of 30.8 ± 0.5 on av-
erage compared to bulk water.6 As noted,6 this es-
timate is an upper bound, since it was obtained by
neglecting any PRE contribution to RCR1 . Indeed, the
present results demonstrate a significant PRE contri-
bution in the core. A more accurate estimate of core
water mobility can now be obtained from RCR1 for
the −Mn sample, which does not have a PRE contri-
bution. Dividing the high-frequency RCR1 (averaging
over the two highest frequencies in Fig. 1a) by the
bulk D2O relaxation rate at 27 ◦C (R01 = 2.20 s−1),
we obtain a slowing-down factor of 15.3± 3. This re-
sult happens to coincide with the slowing-down factor
of 15.6±3 reported for the macromolecular hydration
layers of an Escherichia coli cell.38 Because the rota-
tional correlation of bulk H2O is 1.6 ps at 27 ◦C, this
corresponds to an average rotational correlation time
for core water of 25 ps. Core water is thus highly
mobile.
Although the detailed structure of the core is un-
known, its high content of proteins, nucleic acids,
DPA, and calcium ions implies a pronounced micro-
heterogeneity and a correspondingly wide distribu-
tion of water mobility. The slowing-down factor of
15 is the mean of this wide distribution. It is there-
fore dominated by the slowest water molecules up to
∼ 2 ns, which is the cutoff set by the highest ex-
amined resonance frequency.6 Consequently, the mo-
bility of most of the core water is likely to be much
closer to the bulk-water value than suggested by the
average slowing-down factor.
For the NCR region, the high-frequency RNCR1
yields a slowing-down factor of 3.6 and, after correct-
ing for the extracellular water,6,10 a slowing-down
factor of 5 ± 1 for the cortex and coat regions of
the spore. Essentially the same result4,8 was ob-
tained previously based on RNCR1 from EDTA-treated
spores.6 The agreement is consistent with the expec-
tation that the NCR region of EDTA-treated spores
has the same low Mn content as in the Mn-depleted
spores studied here, so that the PRE contribution to
RNCR1 is negligibly small in both cases. The slowing-
down factor of five for the cortex and coat regions of
the spore is comparable to the factor of three deduced
in a similar way for the cell water of E. coli.38 Being
the mean of wide distribution, the factor of five is
presumably strongly influenced by the minor fraction
of water confined to the dense coat region. The more
water-rich cortex should thus have a water slowing-
down factor significantly smaller than five, probably
five- to ten-fold smaller than the slowing-down factor
of 15 for the core. In contrast, the spin-probe EPR
study mentioned in Sec. 1 inferred only a two-fold
mobility difference between core and cortex.25
If, as previously argued,12–14,26 the core were in a
glassy state, then the core water would presumably
be in the ‘rigid lattice’ NMR regime (correlation time
 10−6 s), producing a 100 – 200 kHz wide 2H NMR
spectrum that would not contribute to the 2H NMR
signal detected in relaxation experiments. Therefore,
although our 2H relaxation data demonstrate that
at least a large fraction of the core water is highly
mobile, they do not exclude the possibility that a
small fraction of core water is immobilized.
To detect any immobilized water in the core (or
elsewhere in the spore), we recorded a 2H quadrupo-
lar echo spectrum from a Mn-depleted spore sample
(Fig. 4). The spectrum is a superposition of a narrow
central peak and a much weaker broad component.
The narrow peak originates from the mobile core
and NCR water that we have characterized by MRD
measurements. The shape and width of the broad
component is consistent with exchangeable ND and
OD deuterons (with a distribution of orientational or-
der parameters) in immobilized macromolecules,39–41
henceforth referred to as labile deuterons (LDs). But
the broad component is also consistent with immo-
bilized D2O molecules or with a combination of LDs
6
Figure 4. 2H quadrupolar echo spectrum from a Mn-
depleted spore sample with h = 1.25 g D2O (g dry spore
mass)−1). To reveal the broad component, the full spec-
trum (bottom) was vertically magnified by a factor of
1000 while truncating the central peak (top).
and immobilized water. It is not possible to discrim-
inate among these possibilities solely on the basis of
the spectral lineshape. However, as we shall show,
the relative intensity of the broad component indi-
cates that it is produced by LDs rather than by im-
mobilized water.
To estimate the relative intensities of the two
spectral components, proportional to the number
of contributing deuterons, we (separately) fitted a
Lorentzian lineshape to the narrow peak and a spin-
1 powder pattern (a so-called Pake doublet) to the
broad spectral component. Due to the finite pulse
length (see Sec. 2.2), the broad component is not
fully excited and its intensity is therefore reduced
by a factor of 0.76.39,40 Taking this factor into ac-
count, we find that the broad component corresponds
to 6.7 ± 0.3 % of the deuterons in the sample. The
water content of the Mn-depleted sample used for the
quadrupolar echo experiment was h = 1.25 g D2O
(g dry spore mass)−1. Using also the results of the
amino acid analysis (Tables S2 and S3), we estimate
that 5.8 % of the deuterons in the sample are ND
or OD deuterons in spore proteins. The proteins are
largely confined to the core and coat regions of the
spore, where they are expected to be rotationally im-
mobilized.6,9 The 53 % non-protein part of the dry
spore mass (Table S3) includes (immobilized) DNA
in the core and (partly immobilized) peptidoglycan
in the cortex as well as components, such as DPA
and calcium in the core, that do not contain LDs.
The relative intensity of the broad component can
thus be fully accounted for by LDs in the immobi-
lized protein, nucleic acid, and peptidoglycan in the
spore.
It is conceivable that a small fraction of the core
water is immobilized, but the presence or absence of
such a small amount of immobilized water cannot be
demonstrated from 2H spectral analysis, since the LD
contribution is not accurately known. For example, if
10 % of the core water were immobilized, this would
merely increase the relative intensity of the broad
spectral component by ∼ 1.5 %, which is comparable
to the uncertainty in the LD contribution. In other
words, the 2H spectrum in Fig. 4 establishes an up-
per bound of ∼ 10 % for the fraction of immobilized
water in the core.
In contrast to our analysis, a 2H quadrupolar echo
spectrum from B. subtilis spores reported by Rice et
al. was taken as evidence for a significant fraction of
immobilized spore water.26 Whereas our spore sam-
ples are fully hydrated, the sample studied by these
authors was vacuum (0.05 mbar) dried for 24 h. The
water content of this sample was not reported, but
the authors claimed that they only removed “excess
water”.26 The relative intensities of the spectral com-
ponents were not determined, but the reported spec-
trum suggests that the narrow central peak, due to
mobile water, accounts for at most a few percent of
the deuterons in the sample.26 In contrast, the cen-
tral peak accounts for 93.3 ± 0.3 % of the deuterons
in our sample, which includes 25 – 30 % extracellular
water.6,10 It is clear, therefore, that the drying proto-
col used by Rice et al. removes not only extracellular
water but also most of the water inside the spore.
Such extensive dehydration may produce structural
changes that immobilize a significant fraction of the
residual water. However, we do not believe that the
spectrum reported by Rice et al. can be taken as evi-
dence for immobilized water even in their dehydrated
spores.
The 2H spectrum from dehydrated B. subtilis
spores features, in addition to the small central peak,
a major broad component with a resolved quadrupole
splitting of 130 kHz and a minor broad component
with a resolved quadrupole splitting of 36 kHz.26
Rice et al. assigned the major 130 kHz component
to immobilized water and the minor 36 kHz compo-
nent to LDs. Since the water content of the dehy-
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drated sample was not determined, it is not possi-
ble to base the assignment on the relative intensity.
Without further information, it is, in our view, more
reasonable to assign the major 130 kHz component to
LDs (which must contribute) rather than to immobi-
lized water (which is conjectural). For the origin of
the minor 36 kHz component, we propose LDs in the
(partly flexible) cortex peptidoglycan and/or in CD3
and ND3 groups, the fast internal rotation of which
reduces the 2H quadrupole splitting by a factor of
three. (The spores studied by Rice et al. were pre-
pared from bacteria cultivated in a partly deuterated
medium so that deuterons were also biosynthetically
incorporated in nonlabile macromolecular positions.)
In conclusion, we do not believe that the spectrum
reported by Rice et al. demonstrates the existence of
immobilized water in either dehydrated or fully hy-
drated spores.
4. Conclusions
In this work, we have characterized the state of wa-
ter in the core of native and Mn-depleted B. subtilis
spores with the aid of two well-established 2H NMR
experiments.
Multiple-field inversion recovery experiments were
performed for the first time in the frequency range
where the paramagnetic enhancement of water 2H re-
laxation due to Mn2+ ions in the core can be iden-
tified. This enhancement allowed us to quantify the
Mn2+–water contact in the core, previously thought
to be negligibly small.6 In addition, by examining
spores with > 99 % of the core Mn2+ substituted by
Ca2+, we could measure the 2H relaxation rate of core
water free from paramagnetic effects. The character-
ization of core water mobility in the previous MRD
study6 could thereby be substantially improved.
A 2H quadrupolar echo experiment was performed
for the first time on fully hydrated spores and we
showed that the resulting solid-state 2H NMR spec-
trum can be accounted for by labile macromolecu-
lar deuterons, without invoking immobilized water in
the core or elsewhere in the spore. This result differs
qualitatively from the conclusion of a recent solid-
state 2H NMR study of dehydrated spores.26
We also examined the effect of sporulation temper-
ature, but we could not confirm the expected reduc-
tion of core water content with increasing sporula-
tion temperature.27 The origin of this discrepancy is
unclear, but we speculate that other parameters, be-
sides sporulation temperature, affect the core water
content in our samples.
The three most significant quantitative findings of
this work are as follows.
(i) Fully hydrated spores do not contain detectable
amounts of immobilized water. This means that
any immobilized water amounts to less than ∼
1 % of the spore water or less than ∼ 10 % of
the core water.
(ii) The rotational motion of the observable mobile
core water is slowed down by a factor of 15 as
compared to bulk water. This average value is
likely dominated by a small fraction of core water
with rotational correlation time of order 1 ns,
while water rotation occurs on a time scale of
less than 10 ps in the vast majority of hydration
sites in the core.
(iii) The large depot of manganese in the core
is nearly anhydrous, the direct water contact
amounting, on average, to 1.7 % of the sixfold
coordination of fully solvated Mn2+.
In conclusion, the 2H NMR data presented here
fully support the gel scenario for the core of B. sub-
tilis spores, and are clearly inconsistent with the glass
scenario.
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Supporting material
Figure S1. Results of individual bi-exponential fits to the water 2H inversion recovery from native spores with
different sporulation temperatures and from Mn-depleted spores: (a) component relaxation rates, RCR1 and RNCR1
and (b) the relative weight, fCR, of the minor component. The inversion recovery data sets at each frequency
were fitted separately, without constraining fCR to be independent of frequency. The RNCR1 rate in panel (a) has
been scaled to h = 1.5 g D2O (g dry spore mass)
−1 from the water contents reported in Table 1, assuming that
RNCR1 −R01 ∝ 1/h, where R01 is the bulk D2O relaxation rate.
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Table S1. Elemental abundance (µmol (g dry mass)−1) in
spore samples.a
N23 N37 N43 −Mn
Ca 760 800 830 960
Fe 0.64 0.20 0.60 1.0
K 100 78 104 95
Mg 87 104 88 148
Mn 189± 17 184± 17 165± 15 0.91± 0.08
Si 11 1.8 21 17
Zn 0.61± 0.06 0.64± 0.06 0.80± 0.08 0.65± 0.06
a When given, uncertainties represent one standard deviation. When
not given, the analysis is less accurate.
Table S2. Amino acid composition
(mole %) of spore samples.
N23 N37 N43 −Mn
Ala 12.0 11.4 11.0 11.3
Arg 5.1 5.2 5.1 5.2
Asxa 8.9 9.0 9.0 8.5
Cysb (0.8) (0.8) (0.8) (0.8)
Glxc 13.2 12.9 12.5 12.6
Gly 11.0 11.7 11.8 11.2
His 2.7 2.9 2.8 2.8
Ile 3.7 3.7 3.6 3.6
Leu 5.3 5.2 5.2 5.0
Lys 6.0 6.1 6.6 6.4
Met 1.5 0.5 0.4 1.6
Phe 4.4 4.5 4.4 4.4
Pro 3.6 3.1 3.1 3.6
Ser 6.1 6.5 6.8 6.6
Thr 4.3 4.4 4.4 4.3
Trpb (1.0) (1.0) (1.0) (1.0)
Tyr 5.1 5.7 6.3 5.8
Val 5.4 5.3 5.4 5.2
a Asx = Asn + Asp.
b See Table S3 in Ref. 6.
c Glx = Gln + Glu.
Table S3. Protein content of spore samples.
N23 N37 N43 −Mn
protein content 0.457 0.457 0.453 0.469(g (g dry mass)−1 a
mass-weighted residue 109.5 109.5 109.7 109.9
molar mass (g mol−1) b
a Including Cys and Tryp with abundance from Table S2.
b Calculated from the data in Table S2.
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